Spontaneous paratuberculosis was studied in free-ranging and captive bighorn sheep (Ovis canadensis), and Rocky Mountain goats (Oreamnos americanus). Lesions of paratuberculosis in these species resembled the disease in domestic sheep and goats. Mycobacterium paratuberculosis cultured from bighorn sheep was used to orally infect bighorn x mouflon (Ovis musimon) hybrid sheep, elk (Cervus elaphus nelsoni), mule deer (Odocoileus hemionus), and white-tailed deer (Odocoileus virginianus). Clinical paratuberculosis developed only in mule deer and was characterized by poor growth and diarrhea. Gross lesions were mild in all species. Enlargement of mesenteric lymph nodes was mild to moderate; the wall of the distal small intestine was affected minimally. Focal to diffuse infiltrates of epithelioid macrophages and giant cells occurred in the cortex of mesenteric lymph nodes, around mesenteric lymphatics, and in the intestinal mucosa. Extraintestinal lymph nodes, spleen, liver, and lung were involved in some animals; focal necrosis and mineralization was present in all species but was severe and widespread in the cervids.
Lesions of paratuberculosis have been well studied in domestic cattle [2, 5 , 61, sheep [9, 10, 171 , and goats [3, 7, 111 . The disease is characterized by granulomatous inflammation in the intestinal tract, primarily the distal small intestine and the mesenteric lymph nodes. Focal necrosis and mineralization, while rare in the bovine, commonly are associated with granulomatous inflammation in ovine and caprine paratuberculosis. Hepatic microgranulomas occur in a significant number of clinically affected animals of all species.
Paratuberculosis has been reported in free-ranging wild animals [8, 201 but is reported more frequently in captive wild animals in game farms and zoological gardens [l, 12, 16, 18, 191 . Description of lesions of paratuberculosis in these species is incomplete.
This study was undertaken in part to describe lesions of spontaneous paratuberculosis in bighorn sheep (Ovis canadensis) and Rocky Mountain goats ( Oreamnos americanus). In addition, lesions of experimental Mycobacterium paratuberculosis infection were studied in captive bighorn x mouflon (Ovis musimon) hybrid sheep, elk (Cervus elaphus nelsoni), mule deer (Odocoileus hemionus), and white-tailed deer (Odocoileus virginianus).
Materials and Methods
Eleven free-ranging bighorn sheep with clinical paratuberculosis were collected by gunshot or found dead in the Mount Evans-Grant, Colorado area. One additional animal was from the Laramie Peak bighorn sheep herd in Wyoming. Twenty-four bighorn sheep were captured at Grant in 1979 and 1980 and held in captivity at the Wild Animal Disease Center, Colorado State University, for as long as eight months; 14 were found to be infected with M. paratuberculosis at necropsy.
One clinically diseased mountain goat was collected in the field and examined postmortem. Tissue submitted from one spontaneously infected hunter-killed goat also was examined.
Bighorn hybrid lambs were born at the Wild Animal Disease Center or were from a game farm in Nebraska; elk calves were obtained from a captive elk herd maintained at the Sybille Wildlife Research Unit, Wyoming Game and Fish Department; fawn mule deer were "orphans" donated by the Colorado Division of Wildlife; and white-tailed deer fawns were obtained from Oklahoma State University. Bighorn hybrid lambs and deer fawns were handraised on cow's milk supplemented with vitamins and weaned onto alfalfa hay, commercial grain mixture, and mineralized salt. Elk calves were raised by their dams.
Nine bighorn x mouflon lambs, eight mule deer fawns, two white-tailed deer fawns, and eight elk calves were inoculated orally with 50 mg wet weight of M. paratuberculosis when four to five months of age. The organism was isolated originally from clinically affected bighorn sheep in 1977 (C.O. Thoen, personal communication). Bacteria were suspended in 1ml Hanks' balanced salt solution and introduced into the mouth and pharynx via 3-ml syringe. Two bighorn hybrid sheep, four elk, and four mule deer were maintained in separate fac as uninoculated controls.
Half of the animals were killed six months postinoculation and the remainder 12 months postinoculation by intramuscular xylazine followed by electrocution or overdose of succinylcholine chloride after immobilization. Eleven of 14 deer died of causes presumably unrelated to paratuberculosis during the study (two of malignant catarrhal fever; one with septicemia; one of hypothermia; one of trauma; one of malignant edema; five with lesions and history suggestive of mycotoxicosis).
Postmortem examinations were done within Y2 hour of euthanasia or as soon as possible after death. Tissues for light microscopy were fixed in 10% buffered formalin, processed by routine paraffin technique, sectioned at 6 pm, and stained with hematoxylin and eosin (HE) or Kinyon's acid-fast stain. Twenty-two sections from prescribed segments of the intestinal tract, spleen, thymus, tonsil, 17 lymph nodes, and 22 other organs and tissues were studied from 13 spontaneous cases and all experimental animals. Only selected tissues were collected from 15 spontaneous cases.
Tissue sections were graded subjectively on a scale of 0 to 3+ for the presence of granulomas, necrosis, macrophage infiltration, number of giant cells, and number of acid-fast bacilli. Normal tissues were scored as 0, a grade of 1+ was considered minimal change from normal, 2+ was a moderate change, and 3+ was a severe alteration. Numbers of acid-fast organisms in a section were graded subjectively. A score of 0 was given to sections which did not contain acid-fast organisms, a grade of 1 + indicated few acid-fast bacilli, 2+ indicated moderate numbers, and 3+ implied numerous acid-fast bacilli.
Sections of distal small intestine and mesenteric lymph nodes from each animal were collected for mycobacterial culture. Samples were cultured on Herrold's egg yolk medium with and without mycobactin. Ferric mycobactins were supplied by the National Animal Disease Center, Ames, Iowa. Tubes were incubated at 37°C for 16 weeks.
Feces from most free-ranging and captive bighorn sheep and all experimentally inoculated and control animals were examined for parasite eggs by floatation.
Results
The age of free-ranging bighorn sheep with clinical paratuberculosis ranged from one to ten years; both rams and ewes were affected. The principle clinical sign was protracted weight loss to a state of emaciation. Diarrhea was observed frequently but not consistently, especially in the terminal stage of disease.
Gross lesions varied but emaciation, rough and dry hair coat, submandibular edema, and increased peritoneal fluid typically were present in clinically affected animals. Mesenteric and ileocecal lymph nodes always were enlarged and in many instances were three to four times normal size ( fig. l) , soft, pale tan, and edematous on cut surface. In a few animals these nodes were enlarged only slightly and contained 1-to 5-mm, yellow, gritty foci in the cortex. The intestines of most animals were normal on gross examination. Afferent mesenteric lymphatics usually were prominent, opaque, and thickened and often there was gelatinous subserosal edema.
Microscopic lesions were granulomatous; inflammatory cells were primarily epithelioid macrophages, foreign body or Langhans' giant cells, and lymphocytes. Distribution and severity of lesions in 12 bighorn sheep are shown in table I. Extensive lesions occurred in mesenteric and ileocecal lymph nodes; lesions generally were confined to the cortex and ranged from microgranulomas composed of a few epithelioid macrophages in the subcapsular sinus and paracortical zones to diffuse inflammatory cell infiltrates replacing normal lymphoid elements in all regions of the cortex. Germinal centers were often numerous and large. Necrosis and mineralization often occurred within granulomas. Occasionally granulomas were in extraintestinal lymph nodes. Granulomatous afferent mesenteric lymphangitis and perilymphangitis were common and inflammatory infiltrate partially blocked the vessels frequently ( fig. 2 ). There was smooth muscle hypertrophy in some severely affected lymphatics.
Intestinal lesions were most extensive in the distal small intestine and cecum but occurred from proximal jejunum to proximal colon. Typically there was granulomatous infiltrate in the lamina propria. In mild cases, microgranulomas were present in the lamina propria near tips of villi ( fig. 3 ). Inflammatory cells distorted or destroyed normal architecture and granulomatous infiltrates were common in the submucosa and Peyer's patches in severe cases. The mucosa over Peyer's patches usually was affected more severely than in other regions. Necrosis was rare. Granulomas composed of epithelioid macrophages and, occasionally, giant cells occurred in the livers of animals with advanced disease. Acid-fast bacilli often were observed within macrophages and giant cells in affected lymph nodes, lymphatics, liver, and intestines and varied in number from scarce to abundant. Acid-fast debris frequently was present within granulomas when no intact bacilli could be identified.
Many bighorn sheep had gross and/or microscopic evidence of infection with Gross lesions in a mountain goat were similar to those in bighorn sheep except the walls of the distal small intestine and cecum were thickened greatly and the mucosa was hyperemic and focally eroded ( fig. 4 ). Microscopic lesions in this mountain goat (table I) and in tissues submitted from another goat were similar but more severe than those described in bighorn sheep (table I) Bighorn x mouflon hybrid sheep did not develop clinical signs of paratuberculosis during one year following oral inoculation with M. paratuberculosis. Gross lesions were mild and consisted of moderately enlarged mesenteric lymph nodes. There was no gross thickening of any portion of the intestinal tract. Microscopic lesions in hybrid sheep were similar in character though less severe than those described in bighorn sheep with clinical disease. Lesions six months postinoculation were mild (table 11) and primarily involved mesenteric lymph nodes and distal small intestine; lymphangitis was minimal. By twelve months, lesions were in fewer organs, except in one sheep, and were similar in character to those observed at six months. In most sheep, including controls, macrophages within the cortices of lymph nodes contained acid-fast debris; bacilli were observed in some infected sheep. M. paratuberculosis was recovered in culture from tissues or feces of all experimentally inoculated sheep but not from controls. Coccidia were observed within intestinal epithelial cells in a few sheep and protozoal cysts resembling Sarcocystis sp. were present in skeletal muscle of most sheep. Fecal floatations contained few oocysts of Eimeria ovinoidalis, E. ahsata, E. parva, E. ovina and eggs of strongyles and Nematodirus sp. Some sheep were negative for parasites; most harbored only one or a few of the species listed.
Elk did not exhibit overt clinical signs of paratuberculosis; however, control elk were larger and had greater antler development than inoculated elk. Lesions of M. paratuberculosis infection were present in a few more organs and, although similar in character, were more widespread and somewhat more severe in elk 12 months postinoculation compared to those after six months. Gross lesions were minimal and consisted of slight enlargement of mesenteric lymph nodes which contained small, 2to 4-mm diameter, yellow-white, gritty foci. The intestines were not thickened.
Microscopic lesions in elk differed somewhat from those in bighorn sheep. Necrosis and mineralization were common in centers of granulomas and neutrophils and acidfast bacilli were most numerous in necrotic areas. Granulomas occurred primarily in subcapsular sinuses, paracortical zones, and within germinal centers of lymph nodes. Occasionally, granulomas were within medullary cords. Lymphangitis usually was mild or absent. Extraintestinal lymphoid organs were affected in all experimentally inoculated elk (table 111) . Lesions in the intestinal tract were mild. Granulomas occurred in lamina propria overlying Peyer's patches but were seldom present in intestinal mucosa distant from lymphoid tissue. They were most numerous in Peyer's patches and were often within germinal centers. Involvement of the submucosa was rare and necrosis did not occur in the intestine. M. paratuberculosis was recovered in culture from tissues of all experimentally inoculated elk. A few Trichuris sp. were in the cecum of all elk and strongyle and Trichuris sp. eggs were in fecal floatations. Skeletal muscle of most animals contained cysts resembling Sarcocystis sp.
Clinical paratuberculosis occurred in experimentally inoculated deer. These deer were smaller in stature and poorer in body condition than control deer; these differences became obvious by about four months postinoculation. Inoculated deer shed their winter hair coat several months later than control deer. All deer had soft feces on occasion; however, inoculated deer frequently had soft or diarrheic feces. ' Subjective evaluation of numbers of acid-fast organisms in tissue sections. Interpretation: -= acid-fast organisms were not observed; + = a few acid-fast organisms were present; ++ = moderate numbers of acid-fast organisms were present; +++ = numerous acid-fast organisms were present.
Gross lesions of paratuberculosis in deer included poor body condition and mildly enlarged mesenteric lymph nodes. Most mesenteric lymph nodes of deer that died or were killed five months or longer postinoculation contained 0.1-to 1.0-cm yellowwhite gritty foci which were visible through the mesentery or on cut surface of the node. Mineralized foci were in the tracheobronchial and mediastinal lymph nodes of one deer 12 months postinoculation. There was no apparent thickening of any portion of the intestinal tract and the lymphatics appeared normal. Microscopic lesions were similar to those of elk, except the distribution and severity appeared to be greater in deer (table IV) . By five months postinoculation necrosis and mineralization were in many lymphoid organs including some extraintestinal lymph nodes. Granulomas often had necrotic centers and were located in all regions of affected nodes and within the white pulp of the spleen (fig. 6) . Acid-fast bacilli were most numerous within macrophages and giant cells associated with necrotic foci in mule deer but not in white-tailed deer. Mild granulomatous lymphangitis was present in a few deer. Lesions in the intestine were similar to those described in elk but more extensive. The lungs and liver of some deer were involved ( fig. 7, 8) . Interestingly, lesions in the two white-tailed deer were less severe and involved fewer organs than those in mule deer. M. paratuberculosis was isolated in culture from tissues of all experimentally inoculated deer. Protozoal cysts resembling Sarcocystis sp. were seen in skeletal muscle of most deer. A few unidentified coccidian oocysts were in fecal floatations.
Discussion
The clinical course of paratuberculosis in bighorn sheep is similar to that described for domestic species. The primary clinical sign was emaciation. Gross and microscopic changes in bighorn sheep resembled groups I1 and I11 of Stamp and Watt's classification of ovine paratuberculosis [ 171, except in some bighorns acid-fast organisms were very numerous. Group I1 and 111 are defined by enlargement of mesenteric lymph nodes, prominent lymphatics, focal necrosis and mineralization that often occurs in the center of large granulomas, and the presence of acid-fast bacteria or granular debris thought to be degenerate bacteria. Fibrosis often associated with granulomas due to paratuberculosis in domestic sheep was not observed in bighorns. Lesions in bighorn sheep were somewhat different from those of bovine paratuberculosis where thickening of the intestine is common, necrosis and mineralization seldom occur, and mineralization of endocardium or aorta frequently is present.
Histologic changes in the intestinal tract of some clinically affected bighorns extended from the small intestine to proximal colon; the distal colon and rectum never were involved. Diagnostic tests based on obtaining tissue from the distal intestine would be of little value in bighorn sheep. Microscopic lesions distant from the intestine and associated lymph nodes seldom have been described in domestic sheep with paratuberculosis, although these have been reported in cattle and goats. Extraintestinal lesions occurred in bighorn sheep, and the distribution of lesions suggests a bacteremia during the course of disease.
Gross lesions of paratuberculosis in a mountain goat were similar in most respects to the Group I classification of ovine paratuberculosis [17], but differed from those of domestic goats. Group I is defined by thickened distal jejunum and iIeum; edematous mesenteric lymph nodes; infitrates of epitheliod cells in the intestinal lamina propria and submucosa to the point of disrupting normal architecture; minimal necrosis, caseation and giant cell proliferation; and numerous acid-fast organisms in intesrine and mesenteric lymph nodes. The distal small intestine and cecum were thickened greatly and mesenteric lymph nodes were enlarged markedly and contained large necrotic foci. In domestic goats, paratuberculosis usually is characterized by mild gross change [3] ; intestines seldom are thickened markedly and lymph nodes usually are enlarged mildly to moderately and frequently contain necrotic foci. There was involvement of extraintestinal organs in affected mountain goats as has been described frequently in domestic goats [7, 113. If the severity of gross and microscopic lesions and number of organisms present reflect differences in resistance to M. paratuberculosis [4, 13, 171 , mountain goats appear to be more susceptible to paratuberculosis than are bighorn sheep. Unfortunately the sample was too small to rule out individual rather than species variability in susceptibility. The spectral nature of mycobacterial diseases is well known and typified by the histologic and immunologic classification of leprosy [ 14, 151. Evaluation of bovine paratuberculosis according to this classification has been attempted, but there was poor histologic correlation except for a resemblance to lepromatous leprosy in severely affected mesenteric lymph nodes [2] . Microscopic changes of spontaneous paratuberculosis in bighorn sheep and mountain goats resembled leprosy and features of both tuberculoid and lepromatous forms were observed in affected animals. Lesions in bighorn sheep most closely resembled the tuberculoid form based on the presence of epithelioid macrophages, well-formed non-vacuolated Langhans' giant cells, and necrosis; however, acid-fast bacilli frequently were numerous and lymphocytes seldom conspicuous in granulomas. In contrast, lesions in mountain goats were similar in many respects to lepromatous leprosy: granulomatous inflammation was diffuse, lymphocytes seldom were present in granulomas and bacteria were numerous; however, necrosis was prominent, macrophages were epithelioid in type, and giant cells were not vacuolated.
Gross and microscopic lesions in bighorn x mouflon hybrid sheep following oral inoculation of M. paratubercuZosis were mild in comparison to lesions observed in clinically affected bighorn sheep. One animal killed six months postinoculation and one killed twelve months postinoculation had greater distribution and severity of histologic lesions than other sheep in their respective groups. These were the only hybrid sheep to have necrosis associated with granulomatous inflammation. In experimentally infected domestic sheep the presence of necrosis is related to a greater, though not complete, immunity to paratuberculosis [4, 131. Findings in bighorn x mouflon hybrid sheep seem to conflict with this theory. However, in most cases, bighorn x mouflon hybrid sheep under these experimental conditions were able to control M. paratuberculosis infection during one year.
Gross and histologic changes in experimentally inoculated elk did not fit the classification of ovine paratuberculosis but were similar to lesions described in the caprine disease. Necrosis was associated with granulomatous inflammation in most organs, especially in mesenteric lymph nodes. However, necrosis did not enable the animals to control the infection; acid-fast organisms frequently were most numerous in areas of necrosis. There was a slight increase in severity and distribution of lesions from six to twelve months postinoculation, suggesting elk were not capable of limiting the infection over this period of time. Histologic lesions were more severe and widely distributed in elk than in experimentally inoculated bighorn x mouflon hybrid sheep. Microscopic lesions in extraintestinal tissues suggest a bacteremia during the course of the disease in elk.
Lesions of spontaneous paratuberculosis in Tule elk ( Cervus elaphus nannodes) were severe and similar to lesions of bovine paratuberculosis [8] . No caseation, necrosis, nor mineralization were described in any tissues. This contrasts with lesions in experimentally inoculated elk. Perhaps the character of the lesions would have changed had the elk been allowed to develop clinical disease. Another possibility is that individual Tule elk showing clinical signs were particularly susceptible and were not mounting an adequate immune response.
Mule deer experimentally inoculated with M. paratuberculosis had clinical signs of paratuberculosis. Clinical paratuberculosis has been reported in a white-tailed deer fawn [12] and in fawn sika (Cervus nippon) and fallow deer (Duma duma) 1181. Clinical disease in fawns suggests rapid development of disease and that deer are more susceptible to the infection than are other species.
In experimentally inoculated deer, gross lesions included moderate to poor body condition and mild enlargement of the mesenteric lymph nodes. Focal mineralization often occurred in the cortex of affected lymph nodes and the relatively mild gross changes were much like those described in domestic goats. The histologic character of lesions in deer also was similar to that seen in elk and described in domestic goats. Necrosis associated with granulomatous inflammation was a prominent feature in most affected organs. Lesions were widely distributed in the body by five months postinoculation; distribution by twelve months was similar except that more distal segments of the intestinal tract were involved. Slightly increased severity and distribution of microscopic lesions by eleven and twelve months postinoculation suggested deer could not control the infection during this period. Necrosis and widespread distribution of lesions were not described as features of clinical paratuberculosis in earlier reports of the disease in deer [ 12, 181 . The mild nature and limited distribution of lesions in two white-tailed deer suggested they were somewhat less susceptible to paratuberculosis than the mule deer, though the numbers were too small to be conclusive.
In many deer, mild to severe granulomatous lesions with necrosis and mineralization affected the mesenteric, tracheobronchal, and mediastinal lymph nodes. Granulomas composed of epithelioid macrophages and giant cells also were in the lungs of some deer. This could be of diagnostic importance because these lesions are similar to those of tuberculosis. Culture of the etiologic agent would be necessary to differentiate paratuberculosis and tuberculosis.
The histologic classification of leprosy was not helpful in describing lesions of paratuberculosis in deer o r elk. Epithelioid macrophages, Langhans' giant cells and necrosis within granulomas were similar to tuberculoid leprosy, but acid-fast bacilli were numerous in areas of necrosis, lymphocytes were seldom numerous in granulomas, and lesions were widespread in the body which is similar t o lepromatous leprosy.
